Abstract: Emerging optical technology capable of addressing the limits in modern electronics must incorporate unique solutions to bring about a revolution in high-speed, on-chip data communication and information processing. Among the possible optical devices that can be developed, the electrically driven, ultrasmall semiconductor light source is the most essential element for a compact, power-efficient photonic integrated circuit. In this review, we cover the recent development of the electrically driven light-emitting devices based on various micro-and nano-scale semiconductor optical cavities. We also discuss the recent advances in the integration of these light sources with passive photonic circuits.
Introduction
The exponential growth in the information volume on networks including the Internet, with fiber-to-the-home or the fiber-to-the-premises, increasingly demands compact, power-efficient, and fast data processing. This has led to the continuous development of modern electronic devices with large data capacities, high functionalities, and high-speed operations. However, the current technologies of semiconductor devices and electronically integrated circuits are rapidly approaching their fundamental limits, in terms of both speed and data transmission bandwidth [1] [2] [3] . In addition, an increase in the transmission capacity requires greater power consumption, resulting in an energy-cost issue. To address this issue, optical technology is a promising solution, offering several intrinsic advantages. For example, light as signal carriers can deliver information with the speed of light, which allows ultrafast device operation. In addition, the optical network enables wavelength division multiplexing (WDM), which is suitable for high-capacity transmission [4] . Moreover, optical transmission is expected to consume less power per bit than electrical transmission. Therefore, tremendous research efforts have been directed toward the development of essential photonic elements and their integration, as well as miniaturization, for ultracompact photonic integrated circuits.
Among the various photonic elements, the most essential one is a semiconductor light-emitting device such as light-emitting diodes (LEDs) and lasers. These devices generate high-quality beams of light and serve as a robust light source in an integrated circuit. The light-emitting devices generally employ various shapes of micro-sized or sub-micrometer-sized optical cavities, not only because the devices with a small active region can operate in a power-efficient manner, but also because the small physical footprint enables an increase in integration density [4] . For decades, researchers have proposed several micro-and nano-scale semiconductor cavities, investigated their optical properties, and characterized unique features using the optical excitation scheme [5] [6] [7] . However, optical pumping inevitably exhibits several inherent issues, the most critical being impracticality. To drive a photonic circuit that includes an optically pumped internal light source, there must be an external bulk light source outside the circuit, and a separate optical setup to deliver the excitation energy to the internal source. In addition, the pump efficiency is impractically low for small and/or asymmetrical optical cavities (e.g., one-dimensional (1D) photonic crystals (PhCs), nanowires (NWs), nanotubes (NTs), and waveguide cavities). Although there are some advanced techniques to spatially modulate the shape of an excitation beam for controlled and adaptive pumping, it requires another complicated optical setup [8] [9] [10] . Furthermore, the simultaneous excitation of multiple light sources over a large area in a single chip is inherently impossible, which can seriously limit the key functions of integrated circuits (e.g., WDM). Therefore, the realization of electrically pumped, power-efficient, ultra-small light sources is essential for the practical applications of compact photonic integrated circuits.
In this paper, we review the recent development in electrically driven micro-and nano-scale semiconductor light sources (i.e., lasers and LEDs), mainly focusing on various designs of optical cavities and corresponding carrier injection schemes. In addition, we explain how critically the cavity design and carrier injection schemes are related by describing several important and key parameters of cavity-based light sources such as quality factor, mode volume, and threshold current.
In each section we describe the details of mechanisms for the simultaneous confinement of both electrical carriers and generated photons in the vicinity of the considered optical cavities. In addition, we briefly cover several critical fabrication steps that enable the experimental realization of electrically driven lasers and LEDs. Furthermore, we discuss the challenges and limitations related to the carrier injection scheme, device performance, and fabrication. The remainder of this paper is organized as follows. In Section 2, electrically driven micro-scale lasers using optical microcavities with cylindrical symmetry are reviewed. In Sections 3 and 4, various PhC nanocavity nanolasers and nano-LEDs with different injection mechanisms are presented. In Section 5, the nanolasers and nano-LEDs based on electrically empowered semiconductor NWs are reviewed. In Sections 6 and 7, plasmonic light sources related to metal nanocavities and waveguides are introduced. Finally, the successful strategies of integration of various light sources with passive photonic circuits are discussed in Sections 8 and 9. A summary is given at the end of this review.
Current Injection Disk-Type Microcavity Lasers
In previous demonstrations of various micro-scale injection light sources, conventional epitaxial semiconductor wafers were widely used. These wafers comprise vertical p-type/intrinsic/n-type (p-i-n) layered structures, where the intrinsic layer often includes an active medium (i.e., multiple quantum wells (MQWs) or quantum dots (QDs)) that allows a rich radiative recombination of the injected carriers. The semiconductor crystals typically used are InGaAs/InGaAsP compressive-strained MQW structures grown on an InP substrate, shown in Table 1 [11] [12] [13] [14] [15] . The highly doped top and bottom InP layers (impurity concentration > 10 18 cm −3 ) help for efficient carrier injection from metal to semiconductor. In addition, the 1.2 µmthick InP layers can be selectively wet-etched, which provides the intrinsic InGaAs/InGaAsP MQWs with high-index contrast. The semiconductor crystal exhibits a central emission peak at~1.55 µm, which covers the telecommunication C-band. Table 1 . Layer structure of InGaAsP crystals used in Ref. [11] . The microcavity structures are then introduced to the crystals so that an efficient spatial confinement of carriers and photons can be simultaneously achieved in a small physical volume. Among the various microcavity designs, some of the key advantages of disk-type microcavities with a central post structure have attracted intense interest. A high-index semiconductor microdisk, with a diameter of a few micrometers, enables strong photon confinement inside the cavity, which supports various whispering gallery modes (WGMs) with high-quality (high-Q) factors. The central post sustains the entire microdisk structure and enables high air−semiconductor boundaries along the disk edge where the WGMs are tightly confined. In addition, the post provides a robust vertical carrier injection pathway as well as a stable channel for heat escape. Moreover, the simple injection scheme requires only a few key fabrication steps, enabling an easy realization of injection laser devices. Figure 1a shows the key fabrication steps of current-injection microdisk cavity lasers. Circular metallic masks are lithographically defined on a vertically p-i-n-doped semiconductor wafer that contains an active medium in its intrinsic layer (left). Circular mesa structures with tilted sidewalls are formed after the conventional dry etching process (middle). A brief thermal treatment can be taken into account to make a good ohmic contact. The p-type top and n-type bottom layers are then selectively wet-etched, which results in a vertical micro-architecture consisting of a complex multileveled top-post/middle-microdisk/bottom-post structure. Here, due to the angled sidewalls from the dry etching process, the selective wet etching often gives rise to asymmetric top and bottom posts in size. Figure 1b illustrates a schematic overview of the laser device with a layered structure and current flow [13] . A sharp metallic probe directly injects pulsed or continuous-wave (CW) currents into the top metal electrode, which is connected to a highly p-doped contact layer. Carriers are injected into the active layer from the posts. The injected carriers diffuse from the center of the microdisk to the edge, where high-Q WGMs travel and repeat the total reflection at the semiconductor−air boundaries. When the WGMs acquire enough optical gain from the diffused carriers, and subsequent radiative recombination, strong lasing oscillations occur. Figure 1c shows a scanning electron microscope (SEM) image of the fabricated laser device exhibiting the InGaAs/InGaAsP microdisk, supported by the InP posts [12] .
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Electrically Driven Photonic Crystal (PhC) Nanocavity Lasers
The development of miniaturized semiconductor lasers, with high beam quality and low threshold with minimum thermal overload, is one of the essential goals for the realization of compact integrated photonic circuits [20] . For more than a decade, PhCs, an artificial structure whose refractive index is Appl. Sci. 2019, 9, 802 5 of 18 periodically modulated with sub-micrometer periodicity, have served as the most powerful platform to achieve this goal [21] . In particular, a two-dimensional (2D) semiconductor PhC slab structure has attracted tremendous interest, owing to its critical advantages. First, it can be readily realized by the conventional semiconductor crystal growth and fabrication technologies. The introduction of a sacrificial layer to the semiconductor wafer and definition of an array of air holes bring forth the air-suspended slab structure with periodic air-semiconductor index modulation. Second, light can be tightly confined inside the slab by total internal reflection (TIR) in the vertical direction and photonic band gap (PBG) in the lateral direction. Third, there is considerable room for designing various PhCs and manipulating the behaviors of the confined light. These pronounced features allow for the realization of wavelength-scale optical nanocavities that support resonant optical modes with a high-Q factor and small mode volume. Consequently, the PhC nanocavity lasers exhibit an ultrasmall device footprint and operate with a very low threshold. In addition, cavity engineering provides access to control important beam qualities (e.g., polarization state and spatial emission pattern) as well as device functionalities.
Considerable efforts have been made to put forth various cavity designs, characterize lasing properties, reduce various optical losses, and optimize device performance. However, the lasing operation from wavelength-scale optical cavities by direct electrical pumping has remained challenging. Because of such a small physical footprint, constructing a robust pathway through which the carriers can flow is a limitation. In addition, the confinement of carriers and photons should be achieved simultaneously. The injected carriers should be recombined in the vicinity of the nanocavity without seriously degrading the optical properties of resonant modes. All of these require extra consideration in the cavity design. Park et al. (2004) reported an electrically driven 2D PhC nanocavity laser that overcame the abovementioned limitations [22] [23] [24] . Figure 3 shows a schematic illustration and a tilted SEM image of the electrically driven single-cell PhC nanocavity. The 2D PhC pattern in a triangular-lattice fashion was introduced to an air-suspended and vertically n-i-p-doped InGaAsP slab containing an MQW structure. The nanocavity was a single air hole. Here, the authors judiciously modified the single-cell cavity by reducing the nearest air holes and slightly pushing them outward. This modification enlarged the cavity area and helped the InP sacrificial layer to survive after time-controlled wet-etching, which enables the introduction of a sub-micrometer central post underneath the cavity. The electrons and holes were supplied by the n-type electrical contact, defined at a distance from the PhC pattern and the p-doped InP post, respectively. A rich radiative recombination occurred near the post, and most of the generated photons were successfully confined within the nanocavity. Single-mode lasing oscillation with an estimated Q-factor of >2500 was observed at a low threshold current of~260 µA. In a series of follow-up studies from the same group, the cavity design was further improved with the help of an extensive mode analysis using the 3D finite-difference time-domain (FDTD) method and the controlled low-temperature wet-etching technique [23] [24] [25] . As a result, a significant reduction in the threshold current, down to~100 µA, was successfully achieved. Taking advantage of the current injection scheme through a sub-micrometer-sized central post, even nanocavities smaller than 2D PhC nanocavities became a realistic candidate for an electrically pumped nanolaser. In the late 2000s, a 1D PhC structure, called a nanobeam, was extensively explored for ultrahigh-Q optical nanocavities with ultimately small physical and mode volumes [26] [27] [28] . These cavities strongly confine photons using PBG in the axial direction and TIR in both vertical and lateral directions, which often exhibit Q-factors > ~10 6 and mode volumes < (λ/2n) 3 . Among the numerous designs of ultrahigh-Q nanobeam cavities, the L0 nanobeam cavity (i.e., zero missing air holes) with graded air-hole sizes was employed to demonstrate the smallest possible nanolaser [29] . Figure 4a shows the schematic of the cross-sectional view of the laser device that exhibits the carrier injection paths. In Figure 4b , the top and tilted SEM images of the fully fabricated device show the L0 nanobeam nanocavity consisting of eleven air holes. The physical volume of the device was surprisingly small, i.e., ~4.6 × 0.61 × 0.28 μm 3 . The central posts supported the entire laser device. However, the lasing action was observed at a threshold current of ~650 μA at room temperature, which was not as low as expected considering the reduced physical size. The major factors that determined the threshold current were the large surface recombination losses, the weakened PBG confinement due to the limited number of air holes, as well as the increased thermal overload from the sub-micrometer-sized posts. Indeed, the L3 nanobeam cavity (i.e., three missing air holes) laser, with the enlarged post and the increased number of air holes, revealed that a larger size of the cavity structure helped in reducing the lasing threshold. The authors reported a measured threshold current of ~5 μA at room temperature, claiming a record threshold value among the electrically driven metalfree nanolasers at room temperature. Taking advantage of the current injection scheme through a sub-micrometer-sized central post, even nanocavities smaller than 2D PhC nanocavities became a realistic candidate for an electrically pumped nanolaser. In the late 2000s, a 1D PhC structure, called a nanobeam, was extensively explored for ultrahigh-Q optical nanocavities with ultimately small physical and mode volumes [26] [27] [28] . These cavities strongly confine photons using PBG in the axial direction and TIR in both vertical and lateral directions, which often exhibit Q-factors >~10 6 and mode volumes < (λ/2n) 3 . Among the numerous designs of ultrahigh-Q nanobeam cavities, the L0 nanobeam cavity (i.e., zero missing air holes) with graded air-hole sizes was employed to demonstrate the smallest possible nanolaser [29] . Figure 4a shows the schematic of the cross-sectional view of the laser device that exhibits the carrier injection paths. In Figure 4b , the top and tilted SEM images of the fully fabricated device show the L0 nanobeam nanocavity consisting of eleven air holes. The physical volume of the device was surprisingly small, i.e., 4.6 × 0.61 × 0.28 µm 3 . The central posts supported the entire laser device. However, the lasing action was observed at a threshold current of~650 µA at room temperature, which was not as low as expected considering the reduced physical size. The major factors that determined the threshold current were the large surface recombination losses, the weakened PBG confinement due to the limited number of air holes, as well as the increased thermal overload from the sub-micrometer-sized posts. Indeed, the L3 nanobeam cavity (i.e., three missing air holes) laser, with the enlarged post and the increased number of air holes, revealed that a larger size of the cavity structure helped in reducing the lasing threshold. The authors reported a measured threshold current of~5 µA at room temperature, claiming a record threshold value among the electrically driven metal-free nanolasers at room temperature. 
Lateral Injection PhC Nanocavity Lasers and Light-Emitting Diodes (LED) Modulators
Despite the successful demonstrations of the electrically driven lasing operation in some PhC nanocavities, the vertical carrier injection scheme through the p-i-n (or n-i-p)-doped PhC slab with a thickness of a few hundred nanometers still has limitations. For example, the central post structure requires complicated fabrication, including a precise, time-controlled undercut step [22] [23] [24] [25] 29] . In addition, the cavity design for the current injection is limited because the size and position of the air holes critically determines the formation of the sub-micrometer-sized post. This diminishes one of the key advantages of using PhCs: controlling the laser beam quality by cavity engineering. Moreover, the central post is located right underneath the nanocavity, so the leakage of carriers and photons is unavoidable, which can be a major factor for the increased threshold and thermal overload in lasing action. On the other hand, the vertical carrier injection scheme in nanocavities without the central post often suffered from the limited current spreading due to thin conductive layers in the PhC membrane, which gave rise to an inefficient cavity-coupled electroluminescence (EL) [30] .
The researchers at Stanford proposed an alternative scheme to address these issues and electrically pumped arbitrary PhC nanocavities. Ellis et al. (2010) developed a technique to form a lateral p-i-n junction in a 2D PhC nanocavity by employing the ion implantation technique, a standard method of doping in the electronics industry [31] . Figure 5 describes the important fabrication steps of the lateral current injection PhC nanocavity. First, a nitride mask is lithographically defined on top of the GaAs membrane, where a high-density single InAs QD layer is included in the middle. Second, Si and Mg ions are separately implanted on the targeted areas. These dopants are subsequently capped by a nitride layer and activated by high-temperature annealing. Third, a PhC pattern is defined in a resist and transferred into the GaAs membrane by dry etching. To form a lateral p-i-n junction, the upper and lower sections of the PhC pattern are precisely aligned to the upper p-and lower n-doped regions, while the nanocavity is aligned to the middle intrinsic region. Finally, the nand p-type contacts are metallized after the AlGaAs sacrificial layer is oxidized. With this technique, the authors successfully injected electrical current through the nanocavity and observed a cavity EL peak at low temperature, but failed to observe the lasing action due to the insufficient optical gain needed for amplified stimulated emission. 
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Figure 6. Lateral current injection PhC nanolasers and nano-LED modulators. (a) Schematic drawing of a laterally p-i-n-doped PhC nanocavity (left). Red and blue areas represent Be-doped (p-type) and
Si-doped (n-type) regions, respectively. The PhC nanocavity is located in the narrow intrinsic region between the p-and n-type doped regions. White light image of the fabricated QD PhC nanocavity laser device (white-dotted box) with p-and n-contacts, respectively (middle). Far-field radiation image of the above threshold lasing action from the PhC nanocavity (right). The image is captured by an infrared (IR) camera at an applied current of 3 μA at 50 K [32] . Red and blue areas represent Be-doped (p-type) and Si-doped (n-type) regions, respectively. The PhC nanocavity is located in the narrow intrinsic region between the p-and n-type doped regions. White light image of the fabricated QD PhC nanocavity laser device (white-dotted box) with p-and n-contacts, respectively (middle). Far-field radiation image of the above threshold lasing action from the PhC nanocavity (right). The image is captured by an infrared (IR) camera at an applied current of 3 µA at 50 K [32] . Despite the many structural advantages, the lateral current injection scheme still has several limitations to be a practical solution. First, the implantation process causes inevitable damage to the semiconductor crystals and sacrifices the optical gain. Therefore, the process requires a precise control over the dopant density to strike a fine balance between sufficient carrier injection and reduction in optical gain. Second, the device fabrication includes multiple rounds of electron beam lithography with nanoscale precision and accuracy. In particular, the definition of the PhC pattern, with the nanocavity exactly aligned to the intrinsic region of the implanted wafer, is the most critical step that determines the successful formation of the junction. Third, the achieved lasing demonstrations at cryogenic temperatures have been limited. To be a practical light source in an integrated circuit, a laser device should operate at room temperature. This naturally requires a direct application of the scheme in typically used active materials at room temperature (e.g., QWs).
Nanowires (NW)-Based Electrically Driven Light Sources
Planar semiconductor growth technologies allow for the mass production of high-quality crystals with precisely controlled energy band structures. In addition, well-developed semiconductor microprocessing enables a robust and reproducible fabrication of electrically driven, active photonic devices. However, the sophisticated device structures associated with multiple junctions and bandgap engineering, and the high cost of device fabrication, make these light sources difficult to be integrated directly with other technologies such as silicon-based electronics, photonics, and micromechanical platforms. To address these issues for integrated applications, various active organic/inorganic materials and nanostructures have been transformed into devices, testing feasibility of achieving high-quality light generation [34] [35] [36] [37] . In particular, rapid advancement in synthesizing 1D nanomaterials with controlled sizes and tunable electrical and optical properties has accelerated the development of electrically driven light sources [36, 37] .
Single-crystal semiconductor NWs exhibit several features that render them very attractive for optoelectronic devices. First, the semiconductors used for synthesizing NWs represent a high index of refraction in a broad range of optical frequencies. As a result, the single-NW functions as a stand-alone Fabry-Perot optical cavity and gain medium. Second, the high crystallinity ensures defect-free structures that guarantee both superior electrical transport and strong photon confinement. Third, the precise synthetic control allows for the rational design of electronic band structures, which enables the broadband tunability of central emission wavelengths.
The first demonstration of an electrical injection single NW laser is shown in Figure 7 [36]. Single-crystal n-type CdS NW optical cavities are registered onto p-Si electrodes defined in heavily p-doped planar substrates. This hybrid structure forms an n-CdS/p-Si hetero-junction, which provides a channel through which the carriers can flow. After the electrical isolation by Al 2 O 3 and n-type electrode metallization, the electrons and holes are injected along the entire length of the CdS NW. Bright-field optical microscope image shows a fully fabricated, single NW laser device. A strong EL emission at the NW end was observed at an injection current of 80 µA (below threshold). The device exhibited evident signatures of lasing oscillation (e.g., superlinear increase in output intensity vs. input current, abrupt linewidth reduction) at an injection current >200 µA. However, the lasing operation at levels substantially above threshold was limited due to the non-uniformity of carrier injection originating from the non-ideal n-Cd/p-Si junction, making it difficult to determine the clear threshold current. Tuning of the emission wavelength of single NWs in a broad range of optical frequencies has been successfully demonstrated by exploring advanced material growth technologies. Researchers at Harvard have reported various n-i-p core/multishell single NW heterostructures [37] . Figure 8a schematically shows the triangular cross section of a single GaN-based heterostructure, comprising a n-GaN core and an InxGa1-xN/GaN/p-AlGaN/p-GaN shell. Here, the InxGa1-xN layer provides a tunable band gap well, allowing systematic redshift of the emission peak with an increasing In composition. In Figure 8b , the separately deposited metal contacts onto the n-GaN core and p-GaN shell forms a stable injection path for single NW LEDs. Multicolor emissions in the visible frequency range were observed with various In compositions (Figure 8c : purple (1%), blue (10%), green (25%), and yellow (35%)). Notably, at a high forward bias of 11 V, a dominant light emission at the NW end was observed, indicating that a considerable amount of the generated light was coupled to NW waveguide modes. The result represents the potential of stimulated emission at higher current injection, eventually demonstrating an electrically driven single GaN NW laser. Tuning of the emission wavelength of single NWs in a broad range of optical frequencies has been successfully demonstrated by exploring advanced material growth technologies. Researchers at Harvard have reported various n-i-p core/multishell single NW heterostructures [37] . Figure 8a schematically shows the triangular cross section of a single GaN-based heterostructure, comprising a n-GaN core and an In x Ga 1−x N/GaN/p-AlGaN/p-GaN shell. Here, the In x Ga 1−x N layer provides a tunable band gap well, allowing systematic redshift of the emission peak with an increasing In composition. In Figure 8b , the separately deposited metal contacts onto the n-GaN core and p-GaN shell forms a stable injection path for single NW LEDs. Multicolor emissions in the visible frequency range were observed with various In compositions (Figure 8c : purple (1%), blue (10%), green (25%), and yellow (35%)). Notably, at a high forward bias of 11 V, a dominant light emission at the NW end was observed, indicating that a considerable amount of the generated light was coupled to NW waveguide modes. The result represents the potential of stimulated emission at higher current injection, eventually demonstrating an electrically driven single GaN NW laser. Tuning of the emission wavelength of single NWs in a broad range of optical frequencies has been successfully demonstrated by exploring advanced material growth technologies. Researchers at Harvard have reported various n-i-p core/multishell single NW heterostructures [37] . Figure 8a schematically shows the triangular cross section of a single GaN-based heterostructure, comprising a n-GaN core and an InxGa1-xN/GaN/p-AlGaN/p-GaN shell. Here, the InxGa1-xN layer provides a tunable band gap well, allowing systematic redshift of the emission peak with an increasing In composition. In Figure 8b , the separately deposited metal contacts onto the n-GaN core and p-GaN shell forms a stable injection path for single NW LEDs. Multicolor emissions in the visible frequency range were observed with various In compositions (Figure 8c : purple (1%), blue (10%), green (25%), and yellow (35%)). Notably, at a high forward bias of 11 V, a dominant light emission at the NW end was observed, indicating that a considerable amount of the generated light was coupled to NW waveguide modes. The result represents the potential of stimulated emission at higher current injection, eventually demonstrating an electrically driven single GaN NW laser. 
Electrically Pumped Metal Nanocavity Lasers
Semiconductor-based optical devices and their integrated circuits are fundamentally limited in terms of their sizes because the diffraction of light plays a dominant role when the size of an optical device becomes comparable to, or smaller than, the wavelength of light in the material. Surface plasmon polaritons (SPPs), surface-bound electromagnetic waves supported by the metal dielectric interface, can offer an exclusive solution that addresses the diffraction of light by concentrating electromagnetic fields in nanoscale regions that are far smaller than the wavelength of the material [38] . For more than a decade, researchers have made tremendous efforts to propose new designs of essential plasmonic elements, and they have experimentally demonstrated the feasibility of their respective functions [39] . In particular, plasmonic light sources, together with other key components including plasmonic waveguides, modulators, and detectors, have been the mainstream research of nanophotonics. However, despite the numerous investigations on the optical properties of plasmonic nanocavities, the realization of an electrically driven plasmonic source remains a great challenge because there have been limited schemes satisfying the conditions for simultaneous carrier injection, SPP generation, and confinement with minimized ohmic loss in a subwavelength volume.
To circumvent these difficulties, several strategies have been proposed. For example, the metal encapsulation of a vertical semiconductor nanostructure is a successful scheme [40, 41] . Figure 9a shows the first electrically driven metal cavity nanolaser, the gold-finger nanocavity laser [40] . The nanocavity comprises an inner n-InP/i-InGaAs/p-InP heterostructure vertical nanopillar, a thin nitride isolation layer on the sides of the pillar, and an outer gold cavity encapsulating the entire semiconductor/insulator structure. The vertically injected carriers are recombined in the intrinsic InGaAs region where a slight index contrast between InP and InGaAs allows for a resonant cavity mode. In the experiment, lasing oscillations were observed at low-threshold currents of 3.5 and 6.0 µA at cryogenic temperatures of 10 and 77 K, respectively. However, lasing operation failed at room temperature due to the increased metallic loss, reduced material gain, and decreased Q-factor. In this study, the author did not specifically identify the origins of the observed lasing modes (e.g., plasmonic or photonic lasing mode). It remains questionable whether it is the first electrically driven plasmonic laser, although it is clearly the first metallic nanocavity nanolaser. In their follow-up paper, the same authors reported modified cavity structures and realized plasmonic lasing [41] . In Figure 9b , the rectangular semiconductor active core with a length of few µm (indicated as l) is employed. This plasmonic waveguide cavity supports Fabry-Perot-type resonant modes in the axial direction. In addition, the reduced width of 130 nm in the rectangular core (indicated as d) only allowed a transverse magnetic (TM) mode (or gap plasmon mode) in a deep sub-wavelength region. The optical microscope image shows the plasmonic lasing mode, revealing the subwavelength confinement of SPPs. The lasing threshold current was measured as~40 µA at a low temperature of 78 K, which was an order of magnitude higher than that of the gold-finger nanocavity laser. It is believed that the increased metal/insulator or metal/semiconductor interfaces, where the light−matter interaction strongly occurred, inevitably produced optical loss and increased the lasing threshold. 
Metal-Waveguide-Integrated Nano-LEDs for Surface Plasmon Polariton (SPP) Sources
Another successful scheme for generating SPPs is coupling a light-emitting nanomaterial to passive plasmonic components [42, 43] . In this scheme, the nanomaterial is electrically doped and forms a spatially localized p-n or p-i-n junction so that it can serve as a current-injectable nanoscale LED. A passive plasmonic component, such as a metal waveguide, is then coupled to the nano-LED in such a way that a major portion of the generated photons can interact with bound charges in metal. This process naturally helps to convert the photons into SPPs. Representative examples are shown in Figure 10 . In Figure 10a , a bottom-up synthesized core-shell GaAs NW with a radial p-i-n junction is connected to n-and p-type contacts [42] . Two metallic strip waveguides, making a right-angle to each other at their ends, are coupled to the NW LED by covering the junction area where the carrier recombination and light generation occur. When the NW LED was electrically pumped, linearly polarized light emission parallel to the direction of each waveguide was observed at the end of the waveguide, which is a clear demonstration of electrically driven SPP generation and its propagation. 
Another successful scheme for generating SPPs is coupling a light-emitting nanomaterial to passive plasmonic components [42, 43] . In this scheme, the nanomaterial is electrically doped and forms a spatially localized p-n or p-i-n junction so that it can serve as a current-injectable nanoscale LED. A passive plasmonic component, such as a metal waveguide, is then coupled to the nano-LED in such a way that a major portion of the generated photons can interact with bound charges in metal. This process naturally helps to convert the photons into SPPs. Representative examples are shown in Figure 10 . In Figure 10a , a bottom-up synthesized core-shell GaAs NW with a radial p-i-n junction is connected to n-and p-type contacts [42] . Two metallic strip waveguides, making a right-angle to each other at their ends, are coupled to the NW LED by covering the junction area where the carrier recombination and light generation occur. When the NW LED was electrically pumped, linearly polarized light emission parallel to the direction of each waveguide was observed at the end of the waveguide, which is a clear demonstration of electrically driven SPP generation and its propagation.
connected to n-and p-type contacts [42] . Two metallic strip waveguides, making a right-angle to each other at their ends, are coupled to the NW LED by covering the junction area where the carrier recombination and light generation occur. When the NW LED was electrically pumped, linearly polarized light emission parallel to the direction of each waveguide was observed at the end of the waveguide, which is a clear demonstration of electrically driven SPP generation and its propagation. . Synthesized GaAs NW with axial p-n junction emits light that is coupled to plasmonic modes and re-emitted at the waveguide terminations (right) [42] . . Synthesized GaAs NW with axial p-n junction emits light that is coupled to plasmonic modes and re-emitted at the waveguide terminations (right) [42] . Top-down fabricated active nanomaterials can also be employed for nano-LEDs, provided that the materials are properly pumped through current injection [43] . The SEM images in Figure 10b show that a top-down fabricated GaAs NW with a vertical p-n junction is connected to metal contacts. One of the contacts (p-contact) is connected with two individual metal strips. While the NW is located at the center of the two ends of the strips, the coupled metal strips extend along the direction of the NW axis and form a double-strip plasmonic waveguide. Since the waveguide supports several propagating waveguide modes, the light emitted from the NW LED can couple to the modes and propagate. The polarization-dependent EL measurement, again, confirms the SPP generation and propagation. The metal-waveguide-integrated nano-LED, however, suffers from several limitations, mostly originating from the coupling geometry and ohmic loss. Since the SPP generation strongly depends on how efficiently the light from the nano-LED is coupled to the metal waveguide, the coupling geometry should be judiciously designed to maximize the interaction between the light and bound charges in metal. For example, the light coupling efficiency from the structures in Figure 10b was estimated at only few percentage points, which shows a clear limitation of such a scheme. In addition, the passive plasmonic components should support various plasmonic modes to which the light can couple, but at the same time, they should be designed to minimize the metallic loss. These two requirements are often contradictory to each other because increasing the size of the plasmonic waveguide can not only increase the number of plasmonic modes, but also cause more metallic loss. Furthermore, when the p-and n-type metal contacts are defined for the nanomaterial, they should minimally disturb the plasmonic waveguide structure, which is not always straightforward in many nanodevices.
Integration of Electrically Driven Light Sources with Silicon-On-Insulator (SOI) Photonic Circuits
Based on the electrical excitation schemes, we have reviewed various micro-and nano-scale optical and/or plasmonic light sources at a single device level. The research on these devices naturally indicates the next logical step: coupling to, or integration with, other optical components. Indeed, one can find a truly practical usefulness of these devices only if they are efficiently integrated with other passive components, and only if they properly serve as robust light sources in a photonic circuit that is designed to complete a desired function. To this end, finding a good passive photonic platform that eases the integration with low optical loss becomes critical. Among others, silicon-on-insulator (SOI) has been considered as one of the most promising platforms [44] [45] [46] [47] . The high index of refraction can tightly confine the light, resulting in low optical leakage. In addition, silicon is transparent at telecommunication wavelengths. Importantly, the SOI platform can share the mature technological advances of the complementary metal oxide semiconductor (CMOS) industry. In particular, this CMOS compatibility can guarantee large-scale fabrication processing, and consequently, electronic−photonic integration.
The heterogeneous integration shown in Figure 11 has been a successful solution [47] . The integration takes several key fabrication steps. First, current-injectable InP-based microdisk lasers were separately fabricated in a thin epilayer, while passive SOI waveguide circuits were fabricated using COMS processes. Second, after depositing SiO 2 , the SOI wafer was planarized by chemical-mechanical polishing until the targeted thickness of the deposited SiO 2 was reached. Third, the laser devices in the thin epilayer were vertically aligned to, and integrated with, the waveguides in the SOI wafer through the wafer-bonding technique. In 2007, J. Van Campenhout et al. used this method, and reported the successful integration of electrically pumped microdisk lasers onto SOI waveguide circuits [47] . Figure 11a shows the top and cross-sectional views of optical and SEM images of the integrated device, revealing the details of layer configurations. In this device, light is primarily confined in the InP-based microdisk cavity, while a portion of it is evanescently coupled to the SOI waveguides. The microdisk laser with a threshold current of 0.5 mA was operated under the CW condition at room temperature. From the output power spectrum at the end of the SOI waveguide, the estimated slope efficiency just above the threshold was~30 µW/mA, assuming a fiber coupler efficiency and propagation loss. These results represented the actual usefulness and practicality of the electrically driven microdisk lasers in a photonic circuit. integrated device, revealing the details of layer configurations. In this device, light is primarily confined in the InP-based microdisk cavity, while a portion of it is evanescently coupled to the SOI waveguides. The microdisk laser with a threshold current of 0.5 mA was operated under the CW condition at room temperature. From the output power spectrum at the end of the SOI waveguide, the estimated slope efficiency just above the threshold was ~30 μW/mA, assuming a fiber coupler efficiency and propagation loss. These results represented the actual usefulness and practicality of the electrically driven microdisk lasers in a photonic circuit. For more practical and power-efficient applications, researchers have applied this integration method to even smaller optical cavities, such as PhC nanocavities [48] [49] [50] . Crosnier et al. (2017) reported a highly power-efficient hybrid InP-based nanolaser diode ( Figure 12 ) [50] . They employed an electrically driven InP-based 1D PhC nanocavity and integrated it in an SOI waveguide. They achieved electrically pumped CW lasing at room-temperature. Notably, the threshold current was measured as ~100 μA at 1 V applied voltage, which was five-fold lower than that of the microdisk laser in Figure 11 . In addition, the reported device exhibited a maximum output power of ~95 μW, coupled in the SOI waveguide, and an estimated wall-plug efficiency of up to ~14%. Evidently, these results represent considerable improvements in many aspects of device performance compared to the previously reported electrically powered micro-and/or nano-scale lasers. For more practical and power-efficient applications, researchers have applied this integration method to even smaller optical cavities, such as PhC nanocavities [48] [49] [50] . Crosnier et al. (2017) reported a highly power-efficient hybrid InP-based nanolaser diode ( Figure 12 ) [50] . They employed an electrically driven InP-based 1D PhC nanocavity and integrated it in an SOI waveguide. They achieved electrically pumped CW lasing at room-temperature. Notably, the threshold current was measured as~100 µA at 1 V applied voltage, which was five-fold lower than that of the microdisk laser in Figure 11 . In addition, the reported device exhibited a maximum output power of~95 µW, coupled in the SOI waveguide, and an estimated wall-plug efficiency of up to~14%. Evidently, these results represent considerable improvements in many aspects of device performance compared to the previously reported electrically powered micro-and/or nano-scale lasers.
an electrically driven InP-based 1D PhC nanocavity and integrated it in an SOI waveguide. They achieved electrically pumped CW lasing at room-temperature. Notably, the threshold current was measured as ~100 μA at 1 V applied voltage, which was five-fold lower than that of the microdisk laser in Figure 11 . In addition, the reported device exhibited a maximum output power of ~95 μW, coupled in the SOI waveguide, and an estimated wall-plug efficiency of up to ~14%. Evidently, these results represent considerable improvements in many aspects of device performance compared to the previously reported electrically powered micro-and/or nano-scale lasers. Two major challenges are worth mentioning for this heterogeneous integration. First, a simple and easy alignment with high precision and accuracy still need to be improved since the success of integration critically relies on this process. Second, the EM energy transfer is critically determined by how strongly or weakly the evanescent fields are formed between the laser and waveguide. Therefore, finding an optimal thickness of the deposited and planarized SiO 2 layer is of considerable importance.
Electrically Pumped Plasmonic Light Sources and Optical Nanocircuits
The integration of multiple optical elements is fundamentally size-limited because the size of each optical component is diffraction-limited. In addition, the light interaction between the optical elements requires a minimum coupling length that is sometimes a few-fold larger than the wavelength of light. The heterogeneous integration, therefore, is suitable for optical circuits whose sizes are larger than a few mm 2 or cm 2 , and is limited for highly dense nanoscale circuits. Indeed, an ultracompact optical nanocircuit requires subwavelength-scale photonic elements and their integration at nanoscale precision. Plasmonic integrated circuits can be a promising solution for this purpose. The key plasmonic elements such as light sources, waveguides, and couplers can be fabricated at deep subwavelength scale. The plasmonic interaction between these elements occurs in a truly nanoscale regime, allowing high density of integration in an extremely small physical volume.
There has been considerable research on plasmonic integrated circuits [39] . However, electrical empowering is still a critical issue to be addressed. Recently, Huang et al. have succeeded in electrically empowering optical nanocircuits, comprising a nanoscale GaAs ridge LED that was coupled to subwavelength-sized metal-slot waveguides [51] . Figure 13 shows a schematic of the plasmonic circuit. The SEM images exhibit cross-sectional views of a 130 nm-tall and 60 nm-wide GaAs ride LED, and a 150 nm-tall and 80 nm-wide slot waveguides, revealing truly subwavelength-scale individual circuit components. The authors demonstrated the electrical generation of SPPs, coupling them to a propagating plasmonic waveguide mode, performing 90 • light splitting in a T-splitter, and coupling to another slot waveguide in a plasmonic directional coupler. All these circuits were fabricated on the order of a few µm 2 , which is difficult to achieve in conventional optical circuits.
GaAs ride LED, and a 150 nm-tall and 80 nm-wide slot waveguides, revealing truly subwavelengthscale individual circuit components. The authors demonstrated the electrical generation of SPPs, coupling them to a propagating plasmonic waveguide mode, performing 90° light splitting in a Tsplitter, and coupling to another slot waveguide in a plasmonic directional coupler. All these circuits were fabricated on the order of a few μm 2 , which is difficult to achieve in conventional optical circuits. 
Summary
This paper provides a comprehensive overview of the electrically pumped, micro-and nano-scale optical cavity-based semiconductor light sources. It describes the basic mechanisms for electrical carrier injection and photon confinement. As new designs of high-Q semiconductor optical cavities are proposed, high-performance and power-efficient lasers and LEDs are further developed. Their application in photonic circuits is already being demonstrated in many research areas, but is still far from a fully integrated photonic circuit that can perform its function in actual optoelectronic devices. A remaining challenge to be addressed in the near future is the development of an optimal integration method that can enable compact, high-density, and heterogeneous integration of various optical components in a single chip.
